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ABSTRACT 


Ferrocement is a composite material made up of cement mor- 
tar reinforced with a mesh of steel wire. Its non-homogeneity 
results in material characteristics which are peculiarly its 
own. In this study, the ferrocement specimens tested varied 
in the type of wire reinforcement used, as well as in the 
water content of the mortar. Stress versus cycles to failure 
curves were developed, and comparisons were made between the 
curves of different types of specimens. Bending and tensile 
strength tests were conducted after cyclic loading in order 
to gain insights on the effects of precycling. Finally, some 
comparisons were made which related the data from this thesis 


to that of several preceding studies. 
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if INTRODUCTION 


Ferrocement is fabricated by impregnating layers of wire 
mesh with a cement mortar. The potential shapes and uses of 
ferrocement structures are limited only by the imagination 
of the designer. It is inexpensive when compared to such 
Other structural materials as wood and steel. 

Why, then, are there so few applications of this material 
in existence? One reason is the dearth of strength and fatigue 
fea. 10 Complicate the problem, existing ferrocement data 
generally exhibits extreme scatter from which it is difficult 
to draw specific conclusions. 

The basic purpose of this study was to contribute as much 
as possible to the meager supply of ferrocement data. A number 
of fatigue tests were run which resulted in the formation of 
fees OL Stress versus cycles-to-failure. In addition, the 
effect of precycling ferrocement to predetermined percentages 
of fatigue life before flexural and tensile testing was 
investigated. The fatigue and strength data obtained for this 
study were compared to that of other studies in order to deter- 


mine whether any general trends or similarities existed. 


12 






II. BACKGROUND 


Although extensive use of ferrocement is a fairly recent 
Securrence, the material has been in existence since 1848, 
when a Frenchman named Jean Louis Lambot [1]? Crcamcumelce i i11Ts & 
ferrocement boat hull. Recent interest in ferrocement has 
feetoped because of the material's suitability for construc- 
mEoumOoL Various types of small boat hulls. The use of fer- 
rocement in hull construction was pioneered in England, Canada, 
maeeeNew Zealand [2Z,3, 4, 5}. These initial maritime applications 
met with success. In addition, ferrocement's durability and 
low cost have made it increasingly attractive as a structural 
iieoraal., Haynes [6] and Simpson [7] discuss some of its 
ierent applications. 

Ferrocement's increasing attractiveness created a need for 
Mmeotanle design data for this material. Existing reinforced 
Goncrete data is not generally applicable to ferrocement, 
which is a unique composite material; its characteristics 
meemeuperior to those of the wire mesh or the mortar alone. 
The difference between reinforced concrete and ferrocement, 
as defined by Bezukladov [8], is based on the ratio of surface 
area of the reinforcement to the volume of the composite. 
Bezukladov [8] classified a material whose value of this ratio 
was 2 cm? Omeonedter as ferrocement (the value of this ratio 


for the ferrocement used in this study was approximately 10 cm7*). 


Numbers in parentheses identify references; see pages 88-89. 
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Because reinforced concrete data is not applicable to 
ferrocement, extensive testing has resulted. Most of the 
systematic testing which has been done has been limited to 
monotonic testing methods [2, 3, 4,5]. The variety of fabri- 
cation techniques, mortar ingredients, and curing methods 
makes standardization of ferrocement extremely difficult. 
Simpson [7] details many of the methods and materials cur- 
imemctly in use. 

Efforts have nonetheless been made to standardize fabri- 
cation and testing procedures, details of which are provided 
in references [2,3, 4,5]. Simpson [7] undertook the first 
detailed fatigue testing analysis of ferrocement. His findings 
were enhanced by those of Sargent [9], who used the same fabri- 


cation and testing procedures. 
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Pee eee ron, OF FERROCEMENT TEST SPECIMENTS 


A. GENERAL 

The ferrocement specimens were made with the same facil- 
meaes and procedures, in order to minimize data scatter. The 
approximate dimensions of each specimen were 18 inches long, 
2-3/4 inches wide, and 1/2 inch thick. They were cut from 
panels which measured approximately 36 inches by 18 inches 
by 1/2 inch. The variations investigated were specimen age, 
type of wire mesh used, water content of the mortar, and type 


Mcement used. All the specimens were steam cured. 


Pee RE MESH REINFORCEMENT 

The wire mesh was cut from shipping rolls which were 50 
feet long and 36 inches wide. The individual wires which 
composed the mesh each measured 0.040 inches in diameter. 
meeohcding to tests run by Simpson [7], each wire oriented 
meaependicular to the axis of the shipping role had an ultimate 
Seretioth Of about 150,000 psi. Each wire parallel to the roll 
axis had an ultimate strength of approximately 114,000 psi. 
These wires were weaker because they were flash welded onto 
the longer wires, and became annealed at the points of attach- 
ment. The wire was cut into 18-inch by 36-inch sections, with 
the stronger wires 18 inches in length and the weaker wires 
36 inches in length. In order to remove any oil, each layer 


G@iewire was soaked for a half hour in a heated solution of 
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2-1/2% by weight trisodium phosphate. Each layer was flattened 


with a sheet metal roller prior to mounting on the form. 


C. FABRICATION FORMS 

The forms to which the layers of wire mesh were attached 
were made of 3/4-inch plywood cut into sections measuring 
meproximately 20 inches by 40 inches. In order to prevent 
warping, each plywood section was attached to a rigid frame 
made of 2-inch by 4-inch fir. Once a plywood section was 
secured to its respective fir frame, a sheet of plastic was 
stretched over it and stapled into the frame. This was done 
[mmorder tO provide a smooth surface for the cement to dry on. 
It also acted as a vapor barrier between the mortar and the 
plywood. 

The next step was the stapling of the wire mesh to the 
plywood. In each case, the first three layers were mounted 
with the 18-inch wires facing down, and the other four layers 
Meeemeche 18-inch wires facing up. This meant that the stronger 
fees were adjacent to both surfaces of each individual speci- 
Wem After each layer was secured, fine stainless steel wires 
were inserted through a series of small holes, which had been 
predrilled through the plywood. This served to hold the mesh 
tightly against the frame. After curing, these wires were 
Siero tacilitate removal of the completed ferrocement panel. 
The final step of frame preparation was the nailing of wooden 
strips around the edges of the plywood panel. These strips 
were thick enough to keep the mortar from running off the 
frame. Figure 1 shows a typical frame prior to application 


Oeemortar. 
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D. MORTAR 

Three different types of cement were used in the specimens 
considered in this study: Portland type II, Portland type V, 
and Kaiser CHEMCOMP. The other ingredients were washed and 
dried beach or quarry sand, pozzolan to replace the fine sand 
lost in the cleaning process, and water. Three ratios of 
femmes weight to cement weight were used in this study: 0.35, 
teweand 0.45. In order to prevent gas production from elec- 
maemeeeic Cell action, 300 parts per million of chromium trioxide 
was added, as recommended by Christensen and Williamson [10]. 
The mortar was mixed by hand in a wheelbarrow. The exact 
Mmeeartions Of the ingredients are given in Table I, with the 
weights being accurate to the nearest 1/20th of a pound. 
Figures 2 and 3 show a typical compression cylinder before 
faemercer testing, respectively. Results of slump tests and 
compression tests, which were run according to ASTM standards 
fll], are given in Table II. Results of a sieve analysis run 
Sumaesemple of the sand are shown in Table III. The mortar 
was troweled into the wire mesh, and a pencil vibrator used 


to insure adequate mortar penetration. 


Eee CURING 

Steam curing was chosen for this study because it required 
about 26 hours of time, as compared to 28 days for water curing. 
faenmepanel was placed in a plastic, rectangular curing tent, 
which measured approximately 5S feet by 5 feet by 8 feet. 


During the first four hours, the temperature in the tent was 
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gradually brought up from ambient to 160° F. The Lenperacure 
was maintained at 160° F for 18 hours, then gradually reduced 


meemamnbient Over a four-hour period. 


F. CUTTING PROCEDURE 

The saw shown in Figure 4 was used to cut each ferrocement 
panel. The saw blade had a diamond impregnated tungsten car- 
Deeeecdee. All the cuts were made parallel to the 18-inch 
Smiienmst?oOn Of e€ach panel. The number of specimens cut from 


Sememepanel varied from 10 to lz. 


fee oF ECIMEN IDENTIFICATION FORMAT 

Much of the data presented in this study was gathered by 
Ommereauthors who conducted previous research in ferrocement. 
Unfortunately, each author used a different identification 
system. The specimens used came from a total of 14 different 
panels. <A complete explanation of the three systems used to 


meemery these 14 panels is given in Appendix A. 
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Mmven FATIGUE TESTS 


A. GENERAL 

One of the purposes of this study was to obtain as much 
fatigue data as possible, and compare it with data collected 
Myeerevious researchers. This chapter is an analysis of the 
fatigue data collected for this study. The comparison is made 
in a later chapter. The average number of points used to 
Memerate each of the flexural stress versus cycles to failure 
(S-N) curves was ten points, with the highest number of points 
being 29, and the lowest being five. A least-squares fit was 
used to produce each curve, and though the fatigue limit was 
not deduced, the slope of each S-N curve and the data scatter 


weme noted. 


B. APPARATUS 

The fatigue testing was carried out on a Baldwin Locomotive 
Works, Sonntag Model SF-1U fatigue testing machine. The indi- 
vidual specimens were mounted on the jig shown in Figure 5S. 
No preload was set on any of the specimens, and the cycling 
frequency for all tests was 30 hertz. The stress levels in 
the specimens tested varied from as low as 650 psi to as high 
as 2250 psi. The method for calculating applied load is 
demonstrated in Appendix B, part 1. The accuracy of the 
applied load was + 0.5 pounds. The actual load on each 
specimen took the form of a sinusoidally varying moment dis- 


tributed evenly throughout an 8-inch center section. 
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Failure criterion was defined to be a maximum deflection of 
1/2 inch. Most specimens undergoing this amount of deflec- 
milion exhibited deep cracks in the proximity of the specimen's 
center, so most failures were plainly obvious to the naked 
eye. Figure 6 shows a typical fatigue failure. Micro-switches 
were mounted on the machine in order to automatically shut it 
off when the maximum deflection was reached. A cycle counter 
recorded the number of completed cycles to the last thousand. 
After the first few specimens failed, the micro-switches were 
re-adjusted to shut the machine down as soon as the specimen 
being tested underwent a deflection of 6/10 inch. Each time 
this was done, the machine shut down before executing an addi- 
moma O00 cycles, which justified the use of a deflection 


Meee inch as the failure criterion. 


fee scI MENS TESTED 

Peeotal Of Seven panels were used to provide fatigue test- 
mies pecimens exclusively for this study. This included five 
specimens from panel V-U45A, five from panel V-U45B, seven 
from panel IV-G4SA, andl five from V-G45A. The remaining 
specimens from these panels were used for other types of tests. 
In addition, 10 specimens were used from panel III-G45C, 11 
from panel II-U40A, and 12 from panel II-G35A. The data ob- 
tained from these specimens was supplemented with data obtained 
by two previous researchers at the Naval Postgraduate School. 
The data used from Simpson's [7] study was obtained from 29 
peeeimens from series 1PSG, 22 from series 1PSU, 10 from series 


4ESG, and 10 from series 4ESU. The data used from Sargent's 
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[9] study was obtained from six specimens from panel QUL7S3, 


eeeeetrom panel QUB/751, and six from panel QUT7S2Z. 


D. RESULTS AND DATA ANALYSIS 

As previously stated, most of the specimens cycled to 
failure had visibly cracked at the place of failure. To de- 
memmeme the failure stress as precisely as possible, the width 
and thickness of each specimen was remeasured at the place of 
momnore, lhese measurements were accurate to within 0.01 
mites. Knowing these measurements and the applied load, the 
mmire stress, as well as its uncertainty, could be calculated 
meeene methods shown in Appendix B, parts 1 and 7, respectively. 
Each data point was plotted on semi-logarithmic graph paper, 
and a digital computer program designed to obtain a first order 
Mmeeeeeoguares curve fit for a given set of data was utilized 
mememtain the S-N curves shown in Figures 7-20. There is an 
S-N curve for each of panels V-U45A, V-U45B, IV-G45A, V-G45A, 
III-G45C, II-U40A, and II-G35A. (Also included are the S-N 
curves developed by Simpson [7] and Sargent [9], which will 
be discussed in a later chapter.) Because Simpson [7] found 
ieemuneadlvyanized reinforcement led to longer fatigue life 
Riese vanized reinforcement, it was expected that the curves 
for panels V-U45A, V-U45B, and II-U40A would be generally high 
higher than the curves for the galvanized wire reinforced 
mommies. and this proved to be the case. The effect of spec- 
imen age, as determined by comparing curves IV-G45A and V-G45A 
with curve III-G45C (see Figure 21) seemed to be that the 


Older ferrocement had roughly the same fatigue life as new 
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ferrocement at stress levels of about 1500 psi and above. 
Ma@wever, at lower stress levels the fatigue life of the older 
Ppeeimens appeared to drop off sharply. The effect of lower 
tee r CONntent 1S inconclusive. The fatigue life at @ given 
stress level for curves V-U45A and V-U45B is approximately 
mmmorder Of magnitude greater than the fatigue life at the 
Same stress level for 11-U40A (see Figure 22) which has a 
lower water content. It should be noted, however, that panel 
II-U40A was about 18 months older than V-U45A and V-U45B, and 
it also differed Mimiaywemor cement used. Comparison Of Curve 
II-G35A with curves IV-G45A and V-G45A shows that the speci- 
Memsewith lower water content exhibited slightly greater 
fatigue life than the other two sets of specimens, as shown 
by Figure 23. 

In most cases, the failure of these fatigue specimens was 
Peomounced, that 1S, a visible crack appeared at the place of 
metre. Ihe exceptions occurred at high stress levels with 
fatigue lives of less than 100,000 cycles. Some of the spec- 
imens from the panels made from the Kaiser cement (II-U40A 
Mimi GsoA) did not exhibit any cracking whatsoever at these 
Seeeeeoe levels, even though they were deflecting sufficiently 


Meee sty the failure criterion. 


E. CONCLUSIONS 

Mmieeo-N Curves developed for this study were consistent 
Peeemeeexpectations as far as fatigue strength versus type of 
reinforcement is concerned. They substantiated Simpson's [7] 


finding that ungalvanized mesh provides better reinforcement 
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than galvanized mesh. Age seemed to effect the fatigue life 
of ferrocement by shortening it at lower stress levels. The 
effects of the difference in water content were inconclusive. 
Using Kaiser cement in the mortar instead of Portland type II, 
resulted in the virtual elimination of cracking due to fatigue 
failure at high stress levels. With the exception of panel 
meve0A, the scatter in the data is relatively small, consid- 


ering the non-homogeneity of the material. 


25 





eres DEPENDENCY OF FLEXURAL STRENGTH 


A. GENERAL 

mieeprimary objective of the bending tests undertaken in 
mersestudy was to determine the effects of precycling on the 
ultimate and yield strengths of ferrocement. The S-N curves 
developed in the fatigue tests were used to determine the 
stress at which the test specimens were to be precycled. Sev- 
eral specimens were cycled to 33% of the fatigue life at this 
stress, and several were cycled to 66% of the fatigue life. 
They were then tested on the bending apparatus, along with 
Seemed) Specimens which were not precycled at all. Stress 
Versus deflection curves were developed from these tests, 


thus facilitating determination of precycling effects. 


B. APPARATUS 

The specimens were loaded in pure bending by a Baldwin 
Locomotive Works compressive loading machine. The test spec- 
imens were mounted in the configuration shown in Figure 24. 
The loading rate was approximately 300 pounds per minute. 
Peveme was applied continuously until the ultimate strength 
Miseeecached. Deflection was measured by a dial indicator, 
and the load was recorded at each 0.05 inch deflection inter- 
val. The width and thickness of each specimen was measured, 
and the flexural bending stress was calculated using simple 


beam theory as shown in Appendix B, part 2. 
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feeeorECIMENS TESTED 

A total of 13 specimens were tested. Of these, seven were 
reinforced with ungalvanized wire. Five of these seven speci- 
mens were precycled at 1850 psi. This stress level was chosen 
because the S-N curve for panel V-U45B indicated that the 
fatigue life at this stress level was approximately 300,000 
cycles, which was a convenient number to divide by three in 
order to obtain approximations of 33% and 66% of the fatigue 
life. Therefore, specimens V-U45B-8, -9, and -12 were cycled 
100,000 times at 1850 psi and specimens V-U45B-6 and -7 were 
@eered 200,000 times at 1850 psi. Specimens V-U45B-10 and -1ll 
Mmeeer not precycled. The remaining six test specimens were 
moeeetorced with galvanized wire. Four of these six were pre- 
jmemed at 1250 psi, which was the stress level at which the 
Muemeue life, according to the S-N curve for panel V-G45A, 
Was about 300,000 cycles. Specimens V-G45A-4 and -5 were cycled 
200,000 times, V-G45A-6 and -7 were cycled 100,000 times, and 


ieee -o and -9 were not precycled. 


eeeekeoULTS AND DATA ANALYSIS 

mmeures 26 through 31 are graphs of flexural stress versus 
deflection for each specimen tested. The uppermost point of 
Paeecurvye represents the ultimate strength. In most cases, 
the ultimate strength was reached when the specimens reached 
Pmerertection of 0.7 inches. The starred (%) point on each 
Smee represents the yield strength. The yield strength is 
the point at which the tangent modulus equals the secant 


modulus at ultimate strength. This definition was introduced 
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by Simpson [7], and was also used by Sargent [9]. Table IV 

ms a list of the specimens subjected to bending, and it in- 
mummies the percent precycling they experienced, their yield 
Strengths, their ultimate strengths, and their ratios of yield 
strength to ultimate strength. 

It was expected that those specimens from panel V-U45B 
meeera exhibit higher yield and ultimate strengths than those 
meomepanel V-G45A, because the results of the fatigue tests 
mevyealed that specimens with ungalvanized reinforcement had 
Seeeereecr Endurance. This expectation was borne out by experi- 
mental results. The yield and ultimate strengths of the 
Seecimens from panel V-U45B were, respectively, approximately 
Meedepsi and 2000 psi greater than the yield and ultimate 
Pemenoths of the specimens from panel V-G45A. [It was also 
Peeeeted that the ratio of yield strength to ultimate strength 
mora be roughly 0.75, which is a figure that had been deter- 
feed 1nN previous studies [5,9,10]. The average value of 
Mes ratio for all the specimens tested for this study was 
Meoo, Which is in satisfactory agreement with the results 
Pomme aforementioned studies [5, 9,10]. 

It was further expected that those specimens which had 
been precycled would exhibit lower yield and ultimate strengths 
than those which had not been precycled. The data gathered 
famenis Study neither substantiates nor repudiates this ex- 
Meetaction. Figures 32 and 33 are plots of yield strength and 
betimate strength versus percentage of precycling. Figure 32, 


which is composed of data gathered from panel V-U45B, indicates 
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mre precycling had virtually no effect on either yield 
Peeeneth Or ultimate strength. There is a 3% reduction in 
Meeemate strength per 33% precycling, and a 0% reduction in 
weema Strength per 335% precycling. If it could be substan- 
mereed 1n another study, this result would be highly signi- 
ficant. If ferrocement would retain most of its yield strength 
meroushout its life, designers could be confident in the 
endurance capabilities of their ferrocement structures. How- 
“eter ioure 55, which shows data collected from specimens 

from panel V-G45A, exhibits a 10% reduction in ultimate strength 
femeeooo precycling, and a 9% reduction in yield strength per 
Seeaeprecycling. These contradictory data prevent satisfactory 
feaeetminadtion Of the effects of precycling on the monotonic 


bending of ferrocement. 


Pee CONCLUSIONS 

Bending data was consistent with that of previous studies 
in that those specimens with ungalvanized reinforcement pos- 
sessed greater yield and ultimate strengths than those with 
galvanized reinforcement. In addition, the ratios of yield 
Strength to ultimate strength exhibited by the specimens 
tested were in satisfactory agreement with ratios determined 
ipeepee vious studies. Effects of precycling on bending are 
inconclusive. More data is required before these effects 


Semeoc Satisfactorily determined. 


oj 





Vee ome)! CODERPENDENCY OF TENSILE STRENGTH 


A. GENERAL 

The primary objective of the tensile tests was similar to 
that of the bending tests; that is, it was desired to determine 
the effects of precycling on the tensile strength of ferroce- 
femee Were again, the S-N curves developed from the fatigue 
Mees were used to determine the stress at which the test 
Specimens were to be precycled. Some specimens were cycled 
mummeecg Of the fatigue life at this predetermined stress, some 
to 33% of the fatigue life, and the remainder were not pre- 
meemmca. jihey were then tested in the tensile apparatus. 
Pemere Stress versus percentage of precycling curves were 
fevweloped in order to graphically portray the precycling 


effects. 


B. APPARATUS 

A Tinius-Olsen 200,000 pound testing machine was used to 
apply the tensile loads. Both ends of each specimen were 
firmly gripped in serrated jaws, as shown on Figure 34. The 
tensile load was then applied at a rate of approximately 1000 
pounds per minute. Application of the load ceased when each 
specimen yielded, and the maximum load applied was recorded. 
The specimen was removed, and the width and thickness at the 
area of failure were measured. The ultimate tensile strength 
was then calculated using the procedure demonstrated in 


Pweenagix-B, part 3. 
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mee SPECIMENS TESTED 


A’ total of 12 specimens underwent tensile Sestrig, ineduidanic 


seven with ungalvanized reinforcement and five with galvanized 
reinforcement. A stress level of 1850 psi was chosen for 
precycling of the specimens from panel V-U4SA, because at this 
memeos level the S-N curve predicted a fatigue life of 300,000 
cycles. Specimens V-U45A-6 and -9 were cycled 100,000 times 
at 1850 psi, and specimens V-U45A-7 and -8 were cycled 200,000 
times at the same stress level. Specimens V-U45A-10, -11, and 
-12 were not precycled. For the specimens from panel IV-G45A, 
a stress level of 1400 psi was chosen because the fatigue life 
Meemcotimated to be 300,000 cycles. Again, this estimate was 
based on the S-N curve previously developed. Specimens 
IV-G45A-6 and -7 were cycled 100,000 times at 1400 psi, and 
Specimen IV-G45-10 was cycled 200,000 times at the same stress 
Mevel., Specimens IV-G45-11 and -12 were not precycled. 

Prior to insertion of the test specimens into the jaws 
of the tensile testing machine, epoxy adhesive material was 
@epiied to the ends of each specimen. A piece of paper was 
feessed Onto the epoxy to smooth out the surface. This entire 
mrocedure was carried out in order to ensure sufficient pur- 
Chase of the test specimen by the jaws of the testing machine. 


mesure 35 shows a specimen after tensile testing. 


WeeeneoULTS AND DATA ANALYSIS 
mable VY is a presentation of the tensile testing data. 
femided in this table are values of tensile strength for 


each specimen tested, as well as ratios of tensile to yield 
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strength and tensile to ultimate strength. Sargent [9] found 
that these ratios showed the same relative values among the 
different specimens he tested as those determined from fatigue 
testing and monotonic bending. There was no such correlation 
here. Comparison of these ratios among the various specimens 
feeeuaed no discernible pattern. 

Comparison of tensile strengths between panel V-U45A and 
imeoeon revealed that for a given percentage of precycling, 
the tensile strength of the specimens from panel V-U45A was 
from 300 psi to 600 psi greater than the tensile strength of 
the specimens from panel IV-G45A. This was consistent with 
mi@emresults of the fatigue testing. 

Figure 37 is a graph of tensile strength versus percentage 
Meeevweling tor panel V-U45A. It was expected that precycling 
femmes cend to reduce tensile strength, and this expectation 
[memperne out by this graph. The graph reveals that for each 
$3% of precycling, there is approximately a 10% drop in ten- 
paee strength. However, Figure 38, which is a graph of ten- 
Sile strength versus -percentage precycling for panel IV-G45A, 
Mmeveals a slight increase in strength after 33% precycling, 
aman approximate 10% reduction in tensile strength after 
meemmext 35% of precycling. Again, the effort to conclusively 
determine the effects of precycling on ferrocement were 


thwarted because of contradictory data. 


E. CONCLUSIONS 


The tensile tests conducted showed that ferrocement with 


ungalvanized wire reinforcement has a higher tensile strength 
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than does galvanized wire reinforcement. Ratios of tensile 
strength to yield strength and tensile strength to ultimate 
Sereneth revealed no significant pattern. The tests run to 
determine the effects of precycling on the tensile strength 
of ferrocement proved to be inconclusive because of incon- 


sistent data. 
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VII. DATA TRENDS 


A. GENERAL 

This thesis was a continuation of the work of two previous 
Meseearchers at the Naval Postgraduate School. It was therefore 
felt that a correlation of all the data gathered might possibly 
Meveal deeper insights into the nature of ferrocement. The 
feeeeose Of this chapter is to report on some of the similar- 


mimeo Of these three studies. 


PeeeeoORRELATION OF S-N CURVES 

Figures 14 through 17 show the S-N curves developed by 
Simpson [7], and figures 18 through 20 show the curves devel- 
oped by Sargent [9]. As discussed in a previous chapter, the 
curves were obtained by entering the data into a computer 
program which computed a first order, least squares data fit. 
The computed results showed that the slopes of many of the 
immes Were approximately equal. Table VI is a listing of 
mmemoropes Of each of the S-N curves. Note that those panels 
memmeorced with ungalvanized wire possess S-N curves which 
have roughly the same slope. Figure 39 shows a plot of all 
Samemmese Curves. Figure 40 shows another plot of these curves, 
excluding those curves developed by Sargent [9], which inad- 
Vertently underwent a discontinuous curing process. In 
meet ion, the wire orientations of his samples varied. Note 
that the five remaining curves, though they vary in water 


content and type of cement used, are almost exactly parallel. 
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More value of the average slope of these curves is -420 psi 
per decade of cycles, with a standard deviation of only 28 
meme per decade of cycles. 

This similarity of slope is a significant trend. Knowing 
the approximate slope of a given S-N curve would enable the 
feeeadrcher to get a reasonable idea of the nature of the S-N 
Curve for a specific sample of ungalvanized wire reinforced, 
steam cured ferrocement. All that would be needed would be 
mgomon three data points in order to roughly determine the 
intercept, which, when combined with the known slope of -420 
psi per decade of cycles, would yield an approximation of the 
Gesaned S-N curve. 

Figure 41 is a graph of all of the S-N curves which 
represent galvanized wire reinforced ferrocement. The slopes 
of these curves show no similarity. The most probable reason 
fmmeeenis 1S lack of quality control in the galvanizing process, 


which results in non-uniformity of mesh strength. 


C. COMPARISON OF STRENGTH DATA 

Generally, the strength data taken for this study did not 
compare well with similar data taken by previous researchers. 
mabe Vii shows the average values found by each researcher 
Semeethe yield strength, ultimate strength, and tensile strength 
@emuiealvyanized wire reinforced, steam cured ferrocement. Note 
that the values of yield strength and ultimate strength devel- 
oped during this study are roughly 40% - 45% greater than the 
values developed by Simpson [7] and Sargent [9]. On the other 


hand, the tensile strength value found by Sargent [9] is 
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Meetnin 8% of the value determined in this study. (Simpson 
[7] took no tensile strength data.) The tensile strength 
data compares favorably, but there is an inconsistency in 


the yield strength and ultimate strength data. 


D. CONCLUSIONS 

Comparison of the S-N curves for ungalvanized wire rein- 
forced, steam cured ferrocement developed by researchers at 
the Naval Postgraduate School exhibit remarkably similar 
Slopes, which could represent a significant trend. Knowing 
the slope of an S-N curve would result in a good approximation 
M@emtne Curve, because only a few data points would be needed 
as intercepts. The S-N curves for ferrocement with galvanized 
Wire reinforcement show no similarity in slope, which may well 
be due to the galvanizing process. 

Though the tensile strength values compared favorably, the 
yield strength and ultimate strength values did not. This 
indicates that much more data is needed to produce satisfactory 


mepues for these strengths. 
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VIII. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 

As stated in the introductory chapter, the primary 
objectives of this study were to add as much as possible to 
the existing body of ferrocement fatigue data, and to invest- 
[meee the effects of precycling on the yield, ultimate, and 
memoule strengths of this material. In addition, an invest- 
igation was to be made in order to determine whether data 
gathered by previous researchers at the Naval Postgraduate 
School, along with the data gathered for this study, exhibited 
any significant trends. 

Data gathered for this study substantiated Simpson's [7] 
means that the fatigue life, yield strength, and ultimate 
strength of ferrocement reinforced with ungalvanized wire 
were, respectively, significantly greater than fatigue life, 
yield strength, and ultimate strength for ferrocement rein- 
memced With galvanized wire. Older ferrocement specimens 
exhibited shorter fatigue life at relatively low stress than 
new ferrocement, although the fatigue lives of both old and 
new ferrocement at stress levels of 1500 psi and greater were 
roughly the same. Mortar fabricated with Kaiser CHEMCOMP 
mammnated no cracking for fatigue failure at high stress 
levels, though all other specimens at all other stress levels 


exhibited the type of cracking shown in Figure 6. 
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iiiemwei tects of precycling on the strength of ferrocement 
were not conclusively determined. Some of the data gathered 
indicated that precycling effects were negligible, while other 
data revealed a drop of roughly 10% in yield strength and 
ieeemate Strength per decade of precycling. 

Comparison of the S-N curves developed by previous re- 
Seereners with those developed for this study revealed a 
Significant similarity of slope among the curves for ungal- 
vanized wire reinforced ferrocement. The slopes of the S-N 
curves for galvanized wire reinforced ferrocement exhibited 
a great degree of scatter, which is probably the result of 
peeeeguality control in the galvanizing process. 

The values of yield strength and ultimate strength for 
feerous types of ferrocement differed significantly. The 
values of these strengths developed for this study were roughly 
40% greater than the values found by Sargent [9] and Simpson 
[7], although the ratio of yield strength to ultimate strength 
memeeall the data gathered was roughly 0.75. The scatter in 
these strength values is probably the result of some variance 
in the fabrication process. Such variables as ambient temper- 
ature, wire mesh roll used, baking time of sand, mesh rolling 
and cleaning processes, humidity, etc., could have combined 


mememecatly aifect the various test results. 


B. RECOMMENDATIONS 
Mether investigation into the effects of precycling is 
Meeded in order to conclusively determine these effects. In 


@adation, much more data is needed in order to arrive at 
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meeurate tigures for flexural and tensile strengths. A large 
scale project in which each step of the fabrication process 

is closely controlled could greatly enhance existing knowledge 
concerning the strength of ferrocement. The effects of age 
and water content of the mortar could be further investigated, 
as could the effects of steel rod reinforcement coupled with 
ereemesh reinforcement. Fatigue testing of specimens of 
fmaeyane Size and shape has yet to be carried out. A study 
Mmcitrerent types of coatings would be beneficial. A series 
of tests conducted in a marine environment would no doubt 
meet interesting results. In short, there are many areas 
Open in which meaningful research could be conducted. Ref- 
erence [12] gives many sources which can provide background 


mesotmation for further study. 
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APPENDIX A: SPECIMEN IDENTIFICATION SYSTEMS 


Each ferrocement specimen is labeled in one of the following 
three ways: 


fee ~ AKG AGA,~X 


i geo 5 
Ze. YY o¥a¥ ye 
Se £4454,2,4,2,-2. 


fpaolamations of each of these respective identification systems 


follow. 
i. Xj, ~XoXzXq-Xe 

X,: Date Of Panel Fabrication I] = August 21 ee 75 
III = July 24359974 
IV = December 18, 1974 
V = January 5, 1975 

Xo: Wire Type G = Galvanized 
U = Ungalvanized 

Xz: Percentage of Weight of Water to 


wement 
X4: Successive Letter Corresponding 
to Number of Panels of this Type 
Specimen Number; Identifies 
specimen cut from Larger Panel 
(All panels identified in the above manner were steam cured.) 
Example: V-U45B identifies the second panel made on January 5, 


1975, with ungalvanized wire reinforcement and an 
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0.45 water weight to cement weight ratio. V-U45B-6 


is the sixth specimen cut from the preceding panel. 


2. YyYoYsYq-¥o (This was the identification system used 


by Simpson [7]) 
Yy° Mmumeral zdentifying chronological 


mrder of series 


Y,: icvoe Oot Cement 
Y,: maype of Curing 
Yq: hare Type 

Ye: Specimen Number 


Ge €& —§®% a 


= Portland Type V 
= Kaiser CHEMCOMP 
= Steam 

= Ungalvanized 


= Galvanized 


Pemoe: LPSU is the first series of Portland type V, ungal- 


vanized wire reinforced, steam cured ferrocement. 


Meow Tdentifies the second specimen of the 


fueeceaing Ser1les. 


(This was the identification system 


Portland Type It 


Ungalvanized 


Sie 2525222 ,2,-2,-2. 
es used by Sargent [9] ) 
Z4: mype of Cement Q 
Z,: more Type U 
Z.: mere Orientation L 


52 


Longitudinal (Long 
WIYCS JOninWol Ie aie 
paral Rel eos lone 
dimension of 


specimen.) 


Transverse (Short 
wires on roll run 
parallel to long 
dimension of 


Spec men, ) 





B = Alternating (Layers 
alternate between L 
and T; outer layers 
ape 1 Omlcnta t lon 
for (Odds number  Ods 


layers.) 
Z 4: Number of Layers of Wire Mesh 


5: Method of Curing > = Steam 
Z 6: Successive Number of Panels of 
boas Type 


Zo: Specimen Number 


example : QUL7S1 Micitetesmche Lirst panel made from) borelana 
eyoce ll cement with ungalvanized wire reinforcement. 
meieene Lone rollswires are parallel to the long 
aamensi1on Of the specimen, and the panel has been 
Secommeumcdeme QULJoi.4 identifies the fourth specimen 


Guemmecon the preceding panel. 
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Joe OES bee CALCULATIONS 


Maximum Fatigue Flexure Stesss 


From simple beam theory: 


Ss Mh _ Mh _ 6M 
f aN o{ bh 3 bhZ 
2 
= INE te 
mot, M = yas SE aeeOimerecSmlng apparatus Of this study, 
Se 
Th f » Of = 5 
re LOore £ bh? 


where 
See Maximum flexural stress (ps1) 


M = applied bending moment (l1bf-in) 


P = amplitude of cyclic force applied by 
testing machine (1bf) 

R = moment arm of fatigue fixture (6 in) 

h = specimen thickness (in) 

b = specimen width (in) 

I = specimen cross-section moment of 


inertia (in*) 


Al 





—EE—— 


ce 


Monotonic Bending Stress 


From simple beam theory: 


S eel 6M 
mb ay bh2 


But, M = = = =. for apparatus used in this study. 
ae 
Therefore, Sib = re 


where 


Sab = maximum monotonic bending stress (psi) 


M = applied bending moment (l1bf-in) 

P = force applied by testing machine (l1bf) 

R = moment arm of monotonic bending fixture (3 in) 
h = specimen thickness (in) 

b = specimen width (in) 

if = specimen cross-section moment of inertia (in*) 


Tensile Stress 


Es 
muere 
Sy = tensile stress (psi) 
h = specimen thickness (in) 
b = specimen width (in) 
P = force applied by testing machine 
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Meee rirst Order Least Squares Approximation 


It is assumed that all ferrocement S-N curves can be 


approximated by a first order polynomial of the form 


oe sy as 
where 
jae etacioue flexure stress (ps1) 
x = logarithm of N, which is the fatigue life 
Sorresponaing tO Stress y 
ag = mMircemecut corresponding to N = 1 (psi) 
a, = slope of S-N curve (psi per decade of cycles) 


Membizing the algorithm presented by Dorn and McCracken [13]: 


ae isn x47 = Davey seas 
: mxz° — ae ; 


MXGY, - LXE bY 
oa 75 2 
m),X4 x3] 





where 
ee "a'"th fatigue flexure stress point 
Xs = logarithm of value of N corresponding to y; 
te = total number of data points 
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fee otandard Deviation 


Standard deviation is defined as: 


a / 
e ay pales - X) 
Se N 


where 
Momeuciiie Of data point 
X = average of data point values 
N = number of data points 


Meeeoncertainty Analyses 
Kline and McClintock [14] have deduced the following 


Pemexral error equation: 


D 1 
3 ieee) al 
error inxX = ; 
1=1 OXj 


where 
mo f(x v8 Ne as Ph eax 
( wee 5 n? 
WwW; = UMeerLainey in measurement of parameter Xs 


feeencertainty in Fatigue Flexure Stress 





Uncertainty in Sr 








18wy ; n 18Pwy 2. 36Pwp, 2 5 
bhé ein” bh” 


Mmoetiinates of parameter error: 


uncertainty in load 


A doe 


il 


W 
Pp 


Wb 


Wy = 0.01 in 
1 


Ceegits 17) uncertainty in specimen width 


lnceredinty  timespee tnem thickness 
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& 


Micmiigmenese estimates, the uncertainty in S¢ is: 
1 
_ | 9 ) . au ; 36H ° 2 
bhé bh? bh® 
Uncertainty in Monotonic Bending Stress 


Uncertainty in Sb 
i ee 
(27a) (=) 2 
bh? 











(3) 


Estimates of parameter error: 


w. = 1.0 1bf 
p 

wee = 0.01 in 

Wy meee) 11) 


Using these estimates, the error in Sab Tse 


ale 
- 9 \° F [=925} [225)" - 
bh? | nein bh° 


Uncertainty in Tensile Stress 


Uncertainty in Sy 
1 
: wp)" « (2yb)" 5 (Ben) ")" 
bh b“h bh2 


fetimates of parameter error: 


we = 1.0 Lbf 
p 

Wy = 0.01 in 

Wy = 0.01 in 
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Beane these estimates, the uncertainty in 5 


ne 
ee amon Lommel 
bh b*h bh 
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eee NOC TAB EES 


imaobe 1. Proportions for 0.45 Water/Cement Mortar 
for One Ferrocement Panel 


Ingredient 


Sand 2 ol bse 
Paz Zo1on 0255: Lbse 
Cement Lig 7) bose 


Water Soe bse 


CrO, (Cone. ) 300 ppm 





Table II]. Results of Slump Tests and Compression Tests 






Batch Slump (an) Compression Limit (psi) 
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taopesiti, “Results of Sieve Analysis 


Tyler Standard Pereene 
Sieve onze Passing 
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Table VI. Slopes of S-N Curves 










Slope 
decade of cycles) 








V-U45A 
V-U45B 
IV-G45A 
V-G45A 
Ili ese 
II-U40A 
11 -Gaem 
LPSU 
4ESU 
1PSG 
AESG 
QUL7S3 
QUT7S2 
QUB7S1 
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Figure 24, Monotonic BENDING APPARATUS 





FiguRE 25. ITypicat MoNoToNic BENDING FAILURE 
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Figure 26. Stress-DEFLECTION CuRVES FOR SPECIMENS 
V-U45B-10 anp V-U45B-11 (No PrRecycLine) 
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Ficure 27. Stress-DEFLECTION CuRVES FOR SPECIMENS 
V-U45B-8, V-U45B-9, ano V-U45B-12 (33% PrecycLIne) 






Smess (SP) 


790 


6000 


SUD) 


cane 





543) 





on ee 


0.9 0,2 0,4 Ors Sine 
DEFLECTION CIncies) 


FIGURE 23, StTRESS-DEFLECTION CURVES FOR SPECIMENS 
V-U45B-6 anp V-U45B-7 (66% PRECYCLING) 
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FIGURE 29, Stress-DEFLECTION CURVES FOR SPECIMENS 
V-G45A-8 ann V-G45A-9 (No PrecycLine) 
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Figure 30. StrReEsSs-DEFLECTION CURVES FOR SPECIMENS 
V-G45A-6 awn V-G45A-7 (33% PrecycLine) 
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Figure 31. Stress-DeFLection Curves FoR SPECIMENS 
V-G45A-4 ano V-G45A-5 (66% PrecycLine) 
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FIGURE 52, YIELD STRENGTH AND ULTIMATE STRENGTH 
VS, PERCENTAGE OF PRECYCLING FOR PANEL V-U455 
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FIGURE 35. YIELD STRENGTH AND ULTIMATE STRENGTH 
VS. PERCENTAGE OF PRECYCLING FOR PANEL V-G45A 
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FIGURE 34, Trintus-OLSen TESTING MACHINE WITH TENSILE SPECIMEN 
IN PLACE 





FIGURE 35, TENSILE SPECIMEN SHowING Fpoxy/Paper COATING 
AND TENSILE Farcure CRACK 
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UNUSUAL 3-PLANE TENSILE FAILURE 


FIGURE 36 
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FIGURE 56. [TENSILE STRENGTH VS. PERCENTAGE OF 
PRECYCLING FOR PaneL [V-G45A 
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